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Analysis of exhaust emission measurements in rural conditions
from heavy-duty vehicle

Road transport holds for the largest share in the freight transport sector in Europe. This work is carried out by heavy vehicles of
various types. It is assumed that, in principle, transport should take place on the main road connections, such as motorways or national
roads. Their share in the polish road infrastructure is not dominant. Rural and communal roads roads are the most prevalent. This fact
formed the basis of the exhaust emissions and fuel consumption tests of heavy vehicles in real operating conditions. A set of vehicles
(truck tractor with a semi-trailer) meeting the Euro V emission norm, transporting a load of 24,800 kg, was selected for the tests. The
research was carried out on an non-urban route, the test route length was 22 km. A mobile Semtech DS instrument was used, which was
used to measure the exhaust emissions. Based on the obtained results, the emission characteristics were determined in relation to the
operating parameters of the vehicles drive system. Road emission, specific emission and fuel consumption values were also calculated.
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1. Introduction

Road transport has been observed to have the dominant
position in the structure of land cargo transport in the Euro-
pean Union countries for many years. In 2017, 85% of all
goods were transported using motor vehicles, and only
11.7% by rail. The share of inland waterway transport ac-
counted for only 0.3% [8]. Such a configuration of the
structure of cargo transport is the result of a number of
factors. The most important one of them is the ability to
deliver goods directly from the sender to the recipient only
using one mode of transport. Currently, this is possible only
with the use of road transport. This is difficult in other
transport sectors because the rail and water infrastructure is
not as extensive as road infrastructure. In most cases it is
still necessary to also use motor vehicles to transport goods
even when choosing a railroad or inland waterway as the
main mode of transport. In this case, the most effective type
of transport is intermodal transport using a single container
unit throughout — like a car semi-trailer, container etc. This
eliminates the need to unload and load the cargo itself,
which extends the time and raises the transport cost.

Due to the successive increase in the number of trans-
ported goods with the use of motor vehicles in most Euro-
pean countries, there is a problem with the capacity of the
main thoroughfares and the road network in smaller towns,
which results in the increase of road congestion. It also
indirectly results from the location of industrial and logistic
centers often located far from the main road arteries.

The traffic intensity reduces of the efficiency of
transport services (extending the time and increasing the
cost of moving cargo) as well as having a negative impact
on the natural environment — through the emission of harm-
ful exhaust components from motor vehicles. In countries
with developed road and logistics infrastructure, this prob-
lem is not as significant as in the case of countries such as

Poland, where this infrastructure is undergoing its quickest
development stage in the current decades. According to the
Transport Activity Results in 2017 report prepared by the
Central Statistical Office [8] in Poland in 2017, a total of
2 036 267 thousand tons of cargo were transported overall,
of which up to 1 747 266 thousand tons, accounting for
85%, were transported using motor vehicles. Most of these
transport activities took place in the country — the share of
this type of transport reached over 80%. Therefore, it seems
reasonable to assess the impact of heavy vehicles perform-
ing transport work in diversified traffic conditions, done by
measuring exhaust emissions using PEMS mobile analyzers
[9]. This Measurements are currently performed for various
groups of vehicles [4, 7] in the field of approval and re-
search purposes [6]. In the case of heavy-duty vehicles, the
measurements are aimed at assessing the exhaust emission
and fuel consumption under various operating conditions —
urban driving, rural, an motorway [5, 9].

2. Research methodology

2.1. Test route selection criteria

Road infrastructure in Poland consists of national, pro-
vincial, county and communal roads. In 2017, its total
length was 422 302 km, of which the largest share of 58%
were municipal roads (Table 1).

Table 1. Polish road infrastructure between 2016-2017 [8]

Road Hard Surface roads Unsurfaced roads
categories 2016 2017 2016 2017
National 19 388 19 410 0.1 0.1
Regional 28 920 29 083 43 41
District 124 944 124 673 10 275 10029
Communal 246 983 249 135 115 604 112 588

The smallest share in the road infrastructure that did not
exceed 5% was made up by national roads. Based on this
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information, it can be concluded that the national road
transport of goods runs mostly along the so-called second
category roads. This is also due to the location of industrial
centers, which are mostly located in small and medium
towns along roads of this category.

The current tendency for the development of the indus-
trial and logistics network is to build leading centers in
locations referred to as industrial districts that are close to
the main thoroughfares [1]. Taking into account current
trends in transport problems, eg. flow and organization of
traffic for various scenarios in national transport system is
used programs for modelling this issues [2, 3]. The above
facts were the main factor determining the choice of the test
route on which emission measurements in real traffic condi-
tions were made. The route used for research began in the
industrial district of the city of Koto, where the largest
industrial plants are located, and where several dozen heavy
vehicles are handled daily (Fig. 1). This district is located
by the provincial road no. 270, which is also a transit route
for motor vehicles with a permissible total weight over
3 500 kg by the city of Koto. This route ends at the inter-
section with the national road No. 92 and passes into the
provincial road No. 473. Both of these roads were included
into the test route chosen by the authors, which ended at the
A2 motorway interchange "Dabie". The length of the route
was 22 km, of which driving in urban conditions was 10%.
The remaining part of the route was in extra-urban driving
conditions.
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Fig. 1. The test route used in the on-road emission test of a heavy-duty
vehicle [10]

2.2. Research object

For the research, the authors used heavy-duty truck
(road tractors with semi-trailers) loaded with a cargo of
24,800 kg (Fig. 2). The object had a V8 412 kW (560 KM)
Euro V engine (Table 2). Vehicle was fitted with an auto-
matic transmission of the 12 + 1 configuration. Vehicle was
also fitted with a driver monitoring system. The system, by
a continuous analysis of signals from a series of sensors,
provides real time hints and, upon end of trip, generates a
report on the driving style.

The hints and the evaluation are presented on a display
and have 4 categories: driving uphill, predicting, braking
and gear shifts. The idea behind the system is to continu-
ously improve the driving skills in terms of fuel consump-

tion and proper use of modern solutions such as: automatic
transmission, retarder or EBS (Electronic Braking System).

e

Fig. 2. The heavy-duty vehicle prepared to emission test

Table 2. Characteristics of vehicles used for the tests

Parameter Value
Engine
Displacement 15.6 dm3
Number of cylinders/arrangement/ 8/V8

Maximum power output
Maximum torque

412 KW @ 1900 rpm
2700 N-m@1000-1400 rpm

Unit power output index 10.3 kWit
Emission standard Euro V
Exhaust gas aftertreatment SCR

Vehicle and cargo

Transmission Automatic 12+1
Driver support system SDS

Tractor axle configuration 4x2
Curb weight including trailer 15 200 kg
Cargo weight 24,800 kg
Type of cargo Steel
Type of trailer Canopy

2.3. Test equipment
The Semtech DS mobile measuring device (Fig. 3) from
the PEMS group was used to measure exhaust emission and
fuel consumption and measured the following parameters:
a) concentrations of CO,, HC (hydrocarbons), THC (total
hydrocarbons) and O, (oxygen),
b) flue gas mass flow rate, temperature and pressure of
exhaust gases,
c) temperature, pressure and humidity of the ambient air,
d) the speed and location of the vehicle,
e) basic parameters of the combustion engine operation
recorded from the vehicle's on-board diagnostic system.

OB system

== Exhausi gas flow
= Heaned line
== Elecirical connrctions.

Fig. 3. The Semtech DS work schematic
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Semtech DS is one of the first compact systems for the
measurement of exhaust emissions in real operating condi-
tions of vehicles. It consists of a central analyzer unit,
a flow meter for measuring the exhaust mass flow rate, as
well as temperature and pressure of exhaust gases. A sam-
ple of exhaust gases from the exhaust system is supplied to
the central analyzer unit through a heated elastic pipe,
which maintains the temperature of 191°C. This is to pre-
vent the condensation of hydrocarbon fractions on the walls
of the pipe .

3. Test results — analysis and discussion

Analyzing the characteristics of the heavy vehicle oper-
ating time share determined in the speed and acceleration
intervals, the vehicle dynamics when travelling the selected
route was found to be low, which is confirmed by the high-
est rate of acceleration from 0-0.6 m/s® representing 94%
of total operating time (Fig. 4). During the tests, the vehicle
moved at a speed of 0-24 m/s (0-86 km/h), with the largest
share of speeds recorded in the range of 16-24 m/s
(58-86 km/h). The vehicle obtained an average speed of
54 km/h on the route. Such a heavy vehicle traffic profile is
characteristic for navigating the so-called second category
roads, because they often run through villages and small
towns with speed limits. This confirms the obtained signifi-
cant share of the (0-16 m/s> speed range reaching 43%.
When driving on motorways and expressways, heavy vehi-
cles obtain higher average speeds.
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Fig. 4. Characteristics of the operating time share in the ranges of vehicle
speed and acceleration

Referring the road conditions when conducting meas-
urements to the heavy-vehicle engine operation characteris-
tics confirms the presented thesis that the journey was char-
acterized by a small variation in acceleration. This is main-
ly due to the engine running in a narrow range of crankshaft
rotational speed — the largest share accounted for the engine
speed of 1200 rpm and reached 62% (Fig. 5). At this speed,
the engine operated mainly in the medium load range of
1200-2000 N-m. These types of engine operating parame-
ters can be defined as an approximate load characteristic, in
the scope of which the engine obtains lower specific fuel
consumption than in other operating points.

The CO, CO, and NO, emissions intensity were meas-
ured in the conducted road tests of a heavy vehicle. The HC
emissions were intensity not measured, as earlier studies
showed that in the case of heavy vehicles meeting the Euro
V standard and higher, HC emissions are negligible. The

highest values of CO emission intensity were registered in
the urban part of the test drive (Fig. 6a). It was caused
mainly by high acceleration variability of the heavy vehicle
due to the shape of road infrastructure. In the extra-urban
part, the drive was characterized by smaller changes in
speed, which translated into lower CO emission intensity.
This was especially visible in the 600-1180 seconds of
drive duration range. In terms of the general engine charac-
teristics, the highest values of CO emission intensity oc-
curred at the maximum torque of 2400-2800 N-m in the
engine speed range of 1000-1600 rpm (Fig. 6b).

015
-
= 2400,
g 010 7 (2000; 2400
o (z} 00; 2000=
& o005 ¢ 40555062
i 73 éa(nn-a'om Torque
S e WA (0, 400> [N'm]
ooo ML L /L /7 s 7 OES
S 44884888484
o o O 0 o O 0 o O
§S828388§
ses868 L L n o
“€88gggss
TTTEZ 228

Engine speed [rpm]

Fig. 5. Characteristics of the operating time share in the ranges of engine
speed and load
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Fig. 6. The emission intensity of CO with vehicle speed (a) and emission
intensity in engine speed and load intervals (b)

The NO, emission intensity characteristic was similar to
the CO emission — the intensity increased with increasing
vehicle speed (Fig. 7). In the urban part, the average NO,
emission intensity value was 50.7 mg/s, which compared to
the rural section is an increase of 50%. It should also be
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noted that the test was started with the engine being in
a stabilized thermal condition (coolant temperature was
80°C), which eliminated any impact that the engine warm-
up phase could have on the SCR (Selective Catalytic Re-
duction) conversion rate which is responsible for NO, re-
duction. NOy reduction reactions in the SCR catalytic sys-
tem are preceded by the injection of 32.5% of urea into the
outlet system, from which the ammonia constituting the
reducer is formed.
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Fig. 7. The emission intensity of NOy with vehicle speed (a) and emission
intensity in engine speed and load intervals (b)

This injection takes place only when the exhaust gas
temperature is greater than 200°C and the NO, concentra-
tion exceeds 500 ppm. From this it follows that the main
factor determining the intensity of NO, emissions during
road tests was a relatively large proportion of the heavy
vehicle starting to move after being stationary. This trans-
lated into higher crankshaft speed values and higher engine
load — in the range 1600-2800 Nm at 1400-1600 rpm. The
highest NO, emission intensities were recorded in these
combustion engine operating points.

In the case of CO, emission intensity, its increase, relat-
ed to the acceleration of the vehicle, was also recorded
(Fig. 8a). CO, emission is representative of the fuel con-
sumption, so in sections where CO, emission reaches max-
imum values the obtained fuel consumption is greatest. For
a travelling heavy vehicle the highest fuel consumption
occurs when accelerating, where the engine generates in-
creased torque compared to when driving at a constant
speed. The measurements carried out mirrored the relation
described above (Fig. 8b). The highest values of CO, emis-
sion intensity were obtained when the engine was operating
under maximum load.
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Fig. 8. The emission intensity of CO, with vehicle speed (a) and emission
intensity in engine speed and load intervals (b)

4. Conclusion

Based on the measured values of exhaust emission in-
tensity, vehicle speed and the registered combustion engine
operating parameters of the tested vehicle the road and
specific emissions of CO, NO,, CO were determined as
well as the fuel consumption value. The vehicle road emis-
sion values were:

a) CO-1.7g/km;
b) NO,-2.4 g/km;
¢) CO,-836.9 g/km.

While the specific emission values were:

a) CO-1.3g/kWh;
b) NO,-1.8 g/kWh;
c¢) CO,-605.1g/kwh.

On the test route the vehicle obtained a fuel consump-
tion of 30.9 dm*100 km. Based on the Authors own expe-
rience in road emission tests of heavy vehicles it was con-
cluded, that the obtained fuel consumption on the extra-
urban route was small compared to the mixed driving con-
ditions. Previous research conducted by the authors [5]
done using the same vehicle in conditions of combined
urban and extra-urban driving can be used as an example.
On said route the fuel consumption obtained was 37.1
dm?®/100 km, which was 20% higher compared to the value
for extra-urban driving conditions. Comparing the specific
exhaust emission values of CO and NO, from the test drive
to the limit values defined in the Euro V norm it was con-
cluded, that these values are below the set limit. Hence,
despite the fact that the tests were performed on so-called
second category roads, the test drive was characterized by
small variability of vehicle acceleration values, which in
turn resulted in relatively small specific emission values of
CO, NOyas well as low fuel consumption of the heavy
vehicle.
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